Rivulet instabilities appear in many engineering applications. In absorption equipment, they affect the interface area available for mass transfer, and thus, reducing the efficiency. We use Computational Fluid Dynamics to reproduce the meanders and braids in rivulets flowing down an inclined channel. Fast oscillations of the meander (f=5.6 Hz) are observed at low flow rates.
Introduction
The hydrodynamics of rivulets has been an open problem in recent decades, with applications in absorption, heat exchange, microfluidics, and distillation [1] . The flow of a liquid phase running down a solid substrate has been studied in the past using both experimental and computational methods-usually with the purpose of optimizing the gas-liquid interface by varying the physical properties of the liquid [2] [3] [4] [5] [6] [7] [8] [9] [10] . Less attention, however, has been directed towards the fundamentals of the instabilities inherent to such flows; namely, meandering and braiding. Deeper knowledge is, therefore, needed in this regard so as to control and optimize the multiphase flow in inclined channels, since for instance, mass transfer in absorption equipment is affected by those instabilities, which can result in a loss of gas-liquid interface area [11, 12] . The hysteresis phenomenon in the relation between the interface area and the flow rate is another open question. This phenomenon was observed by Iso et al. [13] , who reported that the solid area covered by the liquid phase depends on the previous liquid flow rate history. In particular, greater interface area appears for decreasing flow rates. Despite its implications on the total gas-liquid interface area available for mass transfer, the cause of this phenomenon was not profoundly discussed by the authors.
Meandering and braiding have been investigated from the experimental and theoretical perspective. Several mechanisms have been pointed out as the cause of meandering, including dynamic instabilities at the gas-liquid interface, upstream liquid flow rate fluctuations, and contact angle hysteresis. Daerr et al. [14] emphasised the role of the dynamic imbalances at the gas-liquid interface as the origin of this disturbance. The authors performed experiments upon complete wetting conditions to remove the effect of the solid surface microstructure. Their analysis is, therefore, based on the assessment of the terms in the two-dimensional NavierStokes equations. The authors found that the difference between the average velocity and the phase velocity of the rivulet determines whether or not meandering occurs. Other authors point out the substrate microstructure and contact angle hysteresis as the main source [15, 16] . Birnir et al. [12] stated that meandering happens because of upstream disturbances in the liquid flow rate.
The mechanism of meandering is therefore an open issue, and thus, further research must be carried out to elucidate what is the cause of the formation of meanders in gravity-driven rivulets. As Daerr et al. [14] , our intention is to suppress any influence of contact angle hysteresis and liquid flow fluctuations. This may be attained by means of numerical simulations. To the best of our knowledge, there are no CFD studies dealing with the analysis of the said instabilities in the literature. Accordingly, we have conducted a CFD study aiming to tackle the unresolved questions of this fundamental aspect of wetting.
As for braiding, Mertens et al. [11] established that in the absence of liquid flow rate perturbations, the liquid rivulet alternates between full film flow and braiding areas. A mathematical criterion (depending on the liquid viscosity, flow rate, surface tension, liquid density, and effective acceleration of gravity) was presented to predict the formation of braids. Also, the authors described the mechanism of the braid formation as a balance between the inertia and the surface tension. We have compared the results obtained in our CFD simulations with the aforementioned criterion, with the results showing fair agreement with it.
This work presents a CFD analysis of both meandering and braiding instabilities. The oscillation of the rivulet meanders and the formation of braids are described. Design directions are given as to how to control them.
Numerical approach and grid independence check
A computational domain consisting of a rectangular channel with a flat inclined plate is used to study the development of the liquid rivulets. Figure 1 shows a schematic illustration of the computational domain, which mimics a wall on which the liquid rivulet forms. The plot also shows the inclination angle over the horizontal plane, the boundary conditions (including the contact angle in the walls and the liquid volume fraction in the liquid inlet) and the reference frame. A schematic of the structured mesh used is also depicted with the densification applied in the vicinity of the wall. The air-water system is used in all the simulations. The liquid inlet consists of a thin slot occupying the entire width of the computational domain and with a thickness , which varies from 0.2 to 0.4 mm. This range of values corresponds to the thickness of liquid films in industrial applications as indicated by Haroun et al. [17] . 
where ⃗ is the velocity vector and is the mass source term, which describes the reactive mass transfer from the gas into the liquid phase. Eqn. (1) can be combined with the momentum conservation equation to obtain the following single governing equation
µ groups the terms which account for the derivatives of the dynamic viscosity µ. ⃗ is the acceleration of gravity, and is the pressure field. The right-hand side of the Eqn. (2) shows that the derivative of the linear momentum corresponds to the sum of a term accounting for the mass change of the system and two terms describing the velocity change. ⃗ stands for the surface tension momentum source, which is implemented according to the Continuous Surface
Force (CSF) model as
where represents the curvature of the gas-liquid interface, is the surface tension coefficient, indicates the volume fraction of the liquid phase, is the density, and the subscripts and denote liquid and gas phase, respectively [18] . No slip condition along with a constant value of the contact angle ( =70⁰) was used at the walls.
Moreover, a grid independence study was performed to find the optimum grid size. Two cases were tested: Case 1 and Case 3 (see Tab. 2). The dimensions of the plates are expressed all throughout this work as width of the domain × liquid inlet thickness ( ) × length of the domain.
The details of the three grids are shown in Tab. 1, with the grid spacing ℎ being in the range between 8.3 and 13.8 μm.
The Richardson extrapolation was applied to study the grid convergence and give an estimation of the grid discretization errors. The Richardson extrapolation states that the numerical solution of a given problem equals the exact solution of the equations plus a series of correction terms as
where . . . stands for higher order terms and and are continuous functions which do not depend on the grid spacing ℎ. With two different grids, dropping the higher order terms and considering that a second order method is used to solve the equations, the following expression is obtained
which establishes that the exact solution can be expressed as the solution with the fine grid 1 plus a correction term that depends on the grid refinement ratio = 1
⁄ (being the number of nodes of the grids), the apparent convergence order ̃, and the difference between the value obtained with the fine grid 1 and that obtained with the medium grid 2 .
From the correction term introduced in Eqn. (5), one can define the grid convergence index
where is a safety factor, which is equal to 1.25, when three grid levels are used in the study, and equal to 3, when two grid levels are used [19] . The relative error is defined as
To apply the Richardson extrapolation, the results need to fall within the asymptotic range of convergence. This condition is expressed as The final solution in that case is, therefore, the extrapolated value at zero grid spacing ℎ=0 with the error bar defined by the grid convergence index ( 12 ).
Case 3, however, presents an oscillatory behaviour. In those instances, the final value is given by the average value, whereas the error is defined as half the difference between the maximum and minimum value observed [20] .
A small difference between the results obtained with the three grids is observed for both cases, which allows to conclude that the grid spacing used in this study is adequate. The grid spacing of the simulations in this article are all within the range tested (8.3-13.8μm).
Results and discussion
Mertens et al. whereas Figure 5C gives the vertical view, in which the oscillating behaviour of the entire rivulet is observed. A constant velocity at the inlet was set ( =25 cm/s), with no upstream flow rate fluctuations. Also, the plate is a smooth surface with a constant contact angle =70⁰, which removes any effect of contact angle hysteresis. Upon these circumstances, the meandering must appear owing to the evaluation of the terms in the Eqn. 3, as suggested by Daerr et al. [14] . A deeper analysis of the braiding cases can elucidate the effect of surface tension, which hinders the liquid spreading. Fig. 6 shows the rivulet profile at the centre line of the domain and the total velocity isolines for case 5. The velocity profiles are normalised by the velocity at the liquid inlet (32 cm/s). The distance from the wall and the distance from the outlet are normalised by the dimensions of the computational domain. It would be necessary, however, to use a bigger computational domain in order to see this effect clearly, and to quantify the damping effects that cause the appearance of the well formed rivulet predicted by Mertens [1] .
The effect that hinders the spreading of the liquid over the plate is therefore the surface tension, since it tends to carry the liquid towards the central part of the domain instead of extending it to increase the gas-liquid surface area. One can avoid the effect of surface tension by using geometric patterns on the solid surface in order to channel the flow conveniently. This would avoid the exchange of momentum between both the parallel and the transversal direction to the flow, which hinders the liquid spreading. The use of a geometric pattern on the solid surface was reported by Sebastia-Saez et al. [21] as having the effect of increasing the gas-liquid interface area. Further work will consist in studying the effect of those patterns on the formation of braids and meanders.
Conclusions
A CFD approach was used to study the braiding and meandering phenomena on rivulets flowing down inclined channels. Mertens et al. [1] reported a correlation to predict whether braids form or not depending on the physical properties of the fluid, the flow rate and the inclination of the plate. Five cases with various values of the liquid flow rate were tested and classified satisfactorily according to the correlation.
The oscillations of the rivulet upon meandering conditions are quantified. With an inlet velocity =25 cm/s and =60⁰, the oscillations show a frequency of 5.6 Hz, with an amplitude of 1.5 mm. CFD allows to consider a perfectly smooth surface, which leads to the conclusion that the oscillations respond to imbalances in the terms of the Navier-Stokes equations that govern the flow as suggested by Daerr et al. [14] . Further work will include the analysis of the terms in the Navier-Stokes equations in order to deepen in the roots of this behaviour as well as longer computational domains to allow comparing between different meandering cases.
As for braiding, the velocity isolines within the liquid film are analysed, confirming the theory presented by Mertens et al. [1] by which the cause of the braiding formation is the readjustment between the inertia of the liquid and the surface tension. Acceleration of the liquid in the area with a full film flow is observed, followed by the formation of two retraction waves, which bring the liquid back to the centre line. CFD combined with the Volume of Fluid (VOF) algorithm allows to analyse the velocity field within the rivulet flow. The effect of the surface tension becomes evident by analysing the -dir component of the velocity at those waves, which increases as the liquid flows downwards to the braid. In order to reduce the braiding instability, it would therefore be interesting to reduce the increase of momentum in the transversal direction, and thus, avoiding the effect of the surface tension.
In order to increase the gas-liquid interface available for mass transfer, one should therefore limit the effect of the surface tension. Using solid surfaces with geometric patterns can help to achieve it by channelling the flow and reducing the formation of braids and meanders. Further work will consist in designing new geometric patterns to avoid the effect of the surface tension.
Overall, this work represents a new perspective to understand the complex processes of braiding and meandering in solid surfaces, which are strongly relevant phenomena in a number of chemical engineering applications such as separation units, heat exchangers, and the emerging technology of microchannel reactors. Our work shed also some light on the theoretical understanding of these processes while opening new research avenues for experimental work. 
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Rivulet instabilities (meandering and braiding) affect the interface area available for mass transfer in separation equipment, reducing the efficiency. CFD shows that, at low flow rates, oscillations of the rivulet occur. At greater flow rates, the effect of the surface tension, which causes the braiding, on the transversal momentum, is highlighted.
